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A mathematical contouring algorithm that automatically
determines the planning volume of a sarcoma prior to
designing a brachytherapy treatment plan. The algorithm,
utilizing computational geometry, numerical interpolation
and artificial mtelligence (Al) techniques, returns the plan-
ning volume in digitized and graphical forms 1n a matter of
minutes. Such an automatic procedure reduces labor time
and provides a consistent and objective method for deter-
mining planming volumes. In addition, a definitive represen-
tation of the planning volume allows for sophisticated
brachytherapy treatment planning approaches to be applied
when designing treatment plans, so as to maximize local
tumor control and minimize normal tissue complications.
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AUTOMATED PLANNING VOLUME
CONTOURING ALGORITHM FOR
ADJUVANT BRACHYTHERAPY
TREATMENT PLANNING IN SARCOMA

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a divisional of copending U.S. utility
application entitled, “Automated Planning Volume Contour-

ing Algorithm for Adjuvant Brachytherapy Treatment Plan-
ning 1 Sarcoma,” having Ser. No. 09/872,118, filed Jun. 1,

2001, now U.S. Pat. No. 6,615,070, which 1s entirely incor-
porated herein by reference which claims the benefit of
Provisional application Ser. No. 60/208,608, filed Jun. 1,
2000.

TECHNICAL FIELD

The present mvention 1s generally related to using com-
putational geometry and numerical iterpolation techniques
to develop a procedure that automatically outlines the con-
tours of the planning volume for sarcoma tumor beds prior
to desigming brachytherapy treatment plans for soit-tissue
sarcoma.

BACKGROUND OF THE INVENTION

Soft-tissue sarcomas are tumors that arise in the soft
tissues that connect, support and surround other parts of the
body, such as muscles, tendons, fat, joint linings, and blood
vessels. Although about one-half of the cases occur 1n the
arms and legs, soft-tissue sarcomas are known to develop at
any site 1n the body. Sarcoma tumors occur primarily in the
second and sixth decades of life, but may occur at any age
and, typically, the incidence rises with increasing age and 1s
more prevalent 1n men.

There are more than fifty different types of soit-tissue
sarcomas and sarcoma-like growths, at least thirty-five of
which are malignant. Approximately 6,000 new cases of
solt-tissue sarcoma are diagnosed each year in the United
States. Additionally, the large majority of soft-tissue sarco-
mas are greater than 5 cm 1n size, requiring a combination
of treatment techniques. Fortunately, soft-tissue sarcomas
are relatively rare, representing only about one percent of all
cancer cases, but they provide unique challenges in detec-
tion and treatment.

In the past, the standard treatment for soft-tissue sarcoma
included amputation of limbs or radical surgery. In current
practice, solt-tissue sarcomas are typically treated with a
more conservative surgery combined with radiation therapy.
The surgical removal of the tumor 1s the primary treatment.
However, adjuvant (or additional) treatment with radiation
therapy greatly increases the eflectiveness of sarcoma treat-
ment. Radiation therapy may be used before, during and/or
after the surgical removal of the sarcoma. Typically, treat-
ment involving both surgery and radiation therapy will
include external-beam radiotherapy or brachytherapy.

Brachytherapy i1s an advanced cancer treatment that deliv-
ers radiation therapy from within the body (as opposed to
external application of radiation to the tumor and surround-
ing tissues). The benefit of brachytherapy 1s that a high dose
of radiation may be applied to the tumor or tumor bed
(where the tumor was removed) while reducing the dose to
surrounding healthy tissues.

In application, brachytherapy may be used to treat soft-
tissue sarcomas 1n two ways. In one approach, during
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surgery, after the surgeon removes the tumor, the radiation
oncologist implants a series of catheters into the tumor bed.
Several days after the operation, radiotherapeutic seeds are
inserted 1nto each of these catheter tubes. These seeds stay
in the catheter tubes for several days, delivering a high dose
of radiotherapy to the area of the tumor. When the treatment
1s completed, both the radiotherapeutic seeds and the cath-
cters are removed. The second form of brachytherapy is
called high dose rate intra-operative radiation therapy. In this
procedure, all the radiotherapy 1s actually delivered during
the operation. This procedure requires a specially shielded
operating room where both the surgery and the radiation
therapy can be given. However, the high dose rate approach
often requires a subsequent course of external beam radia-
tion therapy.

The form of adjuvant brachytherapy in which catheters
filled with radioactive seeds are inserted into the tumor or
tumor bed 1s promising. However, this techmque 1s limited
by the difliculties of precisely placing catheter tubes into
position and applying the correct amount of radiation to the
allected arecas while limiting the exposure of “healthy”
tissues to the radiation. Several factors contribute to the
difficulty of applying this treatment modality to soft-tissue
sarcoma. First, each anatomical site and associated patient/
tumor geometry 1s unique. Second, the tumor bed 1s usually
of 1rregular shape. Third, the catheters, inserted during
surgery, are oiten non-uniformly spaced and non-coplanar.
Any of these factors may result in over or under treating the
allected areas, as well as radiating healthy tissues.

In current practice, the planning volume for adjuvant
brachytherapy treatment for soft-tissue sarcoma 1s typically
derived via a tedious manual process, often resulting 1n the
volume of the sarcoma not being appropriately determined.
In the manual process, the outline of the volume 1s deter-
mined based on the positions of the catheters by hand
calculations and planner observations. The current process
for determiming the planning volume 1s subjective, mncon-
sistent, time-consuming, and highly dependent on the
human planner. Thus, the current methods for determining
the planning volume of sarcomas for brachytherapy may
result 1n variability in the placement of the radiation seeds
inside the catheters and variability in the distribution of
radiation to the sarcoma bed.

In order to provide the most eflective radiation therapy,
the radiation dose distribution must cover all of the tumor
bed and at the same time aflect as little as possible of the
healthy surrounding tissue. The ultimate location of the
radiation seeds 1s one of the most important factors affecting
the radiation dose distribution. Since the desired dose dis-
tribution 1s aflected by the planning volume and the place-
ment of the catheters and radiation seeds, the accurate
derivation of the planning volume 1s a fundamental problem.
The current practice does not provide a consistent, eflicient
and accurate method for determining the planning volume.

Thus, a heretofore unaddressed need exists in the industry
to address the aforementioned deficiencies and 1nadequa-
Cies.

SUMMARY OF THE INVENTION

In order to increase the eflectiveness of catheter brachy-
therapy treatment, the delivery of the radioactive sources to
the aflected areas (or planning volume) is critical. The
present mnvention focuses on the automated generation of
planning tumor volumes for the treatment of soit-tissue
sarcomas. By using an automated contouring algorithm the
planning tumor volume can be determined and the optimal
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placement and insertion of radioactive seeds can be designed
to provide the most effective brachytherapy treatment.

The present invention provides a system and method for
automatically determiming the planning volume of a sarcoma
by algorithmic manipulation of catheter coordinate input
data. Imitially, the catheters are inserted into the sarcoma bed
during a surgical procedure. The volume of the sarcoma 1s
divided into cross-sectional slices in which the catheters
appear as “‘centers.” Around these centers, a circle having a
certain radius 1s drawn. The radius of the circles 1s an
indicator of the area over which the radioactive seeds will
provide ellective treatment. By configuring the radi1 of the
circles to have suflicient size, the entire surface of each of
the cross-sectional slices may be covered and, therefore,
treated with the radioactive seeds. Optimally, the circles are
configured such that all areas of the sarcoma receive treat-
ment, while only a minimum of healthy tissue 1s exposed to
the radiation.

The automated planning volume algorithm 1s comprised
of a number of subroutines or sub-algorithms. The algo-
rithm, utilizing computational geometry, numerical mterpo-
lation, and artificial intelligence (Al) techniques to manipu-
late the catheter coordinates, returns the planning volume 1n
digitized and graphical forms 1n a matter of minutes. After
the coordinates are inputted, the algorithm will automati-
cally determine the “span,” or furthest distance between
centers, and order the circles in a normal numerical pro-
gression. The algorithm 1s able to self-correct the numbering
of the centers such that a smooth curve 1s defined which
encompasses the aflected tissue and limits incorporation of
healthy tissue within the curves. Then, the algorithm selects
tangent points for each circle and determines the corre-
sponding tangent lines for groups of circles. By 1iteration of
the tangent lines, the algorithm generates a series of curves.
These curves provide the overall shape of the surface of each
cross-sectional slice. The shapes of the individual slices may
then be compiled so as to provide the overall shape and
volume of the sarcoma bed. The algorithm outputs the
resultant volume data as a graphical representation of the
planning volume and the location of the digitized catheter
coordinates therein.

The automatic generation of sarcoma planning volumes 1s
a fast and efhicient way to consistently and accurately
determine planning volumes. Instead, of performing lengthy
and diflicult calculations by hand, the clinician may simply
input the catheter coordinates for each slice, wait a few
minutes for the algorithm to compute the data and generate
the graphical outputs, and then review and evaluate the
outputs. The automated approach provides a definitive rep-
resentation of the planming volume and will allow for the
application ol more sophisticated brachytherapy treatment
planning designs. Ultimately, the detailed volume graphics
and coordinate data will aid 1n developing treatment plans
that maximize local tumor control and minimize normal
tissue complications.

Other systems, methods, features, and advantages of the
present imvention will be or become apparent to one with
skill 1n the art upon examination of the following drawings
and detailed description. It 1s intended that all such addi-
tional systems, methods, features, and advantages be
included within this description, be within the scope of the
present invention, and be protected by the accompanying
claims.
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4
BRIEF DESCRIPTION OF THE DRAWINGS

The mvention can be better understood with reference to
the following drawings. The components in the drawings are
not necessarily to scale, emphasis instead being placed upon
clearly illustrating the principles of the present invention.
Moreover, 1n the drawings, like reference numerals desig-
nate corresponding parts throughout the several views.

FIG. 1 1s a block diagram showing the implementation of
the automated planning volume system.

FIG. 2A 1s a block diagram 1llustrating an 1maging device
and 1ts 1nput 1nto a computer, and further illustrating the
automated planning volume system and the steps executed
thereby to generate the planning volume.

FIG. 2B 1s a block diagram showing the algorithmic steps
of the automated planning volume system of FIG. 1.

FIG. 3 1s a graphical representation of a cross-sectional
slice showing nine catheter insertions, circles of radin r
around the catheter centers, and the natural ordering of the
circle centers from the origin to the destination.

FIG. 4 1s a graphical representation of circles 3, 4 and 5
of FIG. 3, illustrating the construction of the tangent points
and the corresponding interpolation of the inner curve.

FIG. 5 1s a graphical representation focussing on circles 3,
4, 5 and 6 of FIG. 3, illustrating the construction of part of
the curve for the planning volume.

FIG. 6 1s a graphical representation of circles 3, 4 and 5
of FIG. 3, illustrating the attributes used to determine
whether a middle circle should be bypassed.

FIGS. TA-TF are three-dimensional graphical represen-
tations (in si1x rotations of axis) of the resultant planming
volume of a sarcoma.

(L]

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENT

It has been found that accurately determining the planning
volume of a sarcoma for radiation treatment can maximize
local tumor control and minimize normal tissue complica-
tions and damage. The present mmvention 1s an automated
tumor volume contouring algorithm which utilizes compu-
tational geometry, numerical interpolation, and artificial
intelligence (Al) techniques to determine the planning vol-
ume of a sarcoma.

Briefly described, 1n architecture, one embodiment of the
system, among others, can be implemented as follows. By
combining both geometric, numerical and Al interpolation
techniques, a mathematical algorithm can be used to auto-
matically generate the planning volume of a sarcoma. The
planning volume of a sarcoma can be viewed mathemati-
cally as the minimum smoothly connected volume that
contains a set of “circles.” It 1s envisioned that the automated
planning volume algorithm (APVA) system will be imple-
mented 1n software, hardware or a combination thereof. The
algorithms used to determine the planning volume are
contingent only upon a series of digitized data mputs. With
these mputs, the APVA system automatically calculates an
output of digitized coordinates for the planning volume
using a configuration of software and hardware. The actual
algorithms performing the calculations are essentially a
“black box™ to the clinician, who merely inputs the data into
the system and then evaluates the outputs.

During a surgical procedure, catheters are placed within
the tumor bed and a series of 1images are taken showing the
location of the catheters. Indicators are contained in the
catheters to 1dentily their positions and the potential posi-
tions of the radioactive seeds. To achieve clarity of seed
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images and accuracy in seed reconstruction, the patient 1s
positioned so that the catheters are parallel to the gantry axis
of rotation of the imaging mechanism. However, 1n the case
where an anatomical site does not allow this, or when the
catheters are not all parallel to each other, it 1s also possible
that orthogonal anteroposterior (AP) and lateral films are
taken. If there 1s difliculty 1n 1dentifying seeds in some of the
orthogonal films, oblique film may be needed 1n order to
show all of the seeds. The seed positions are then recon-
structed from two films that are less than 90° apart. Although
films are mentioned specifically herein, it 1s envisioned that
any means for imaging the sarcoma area may be utilized to
provide a pictorial representation of the sarcoma bed and
catheter positions.

Catheter and seed positions are reconstructed from the
digitization of two films. The algorithm, which “recon-
structs™ the digital positions for the catheters, compensates
for the beam divergence. For every seed position, each film
will provide one longitudinal coordinate along the gantry

rotation axis. If the patient remains stationary, the longitu-
dinal coordinate will suflice to i1dentity the seed position.
However, the patient often moves during the time the two
films are acquired; 1n which case, the final seed position 1s
taken to be the midpoint of the two reconstructed positions.
The difference between the two positions defines the local-
1zation error, which i1s normally set to a limit ranging from
0.2 to 0.5 cm. The seed reconstruction 1s verified by com-
paring a computer-generated picture of seed positions with
the corresponding simulation film. The clinician will deter-
mine that the final seed position i1s acceptable when the
localization error 1s less than approximately 0.2 c¢cm after
demagnification.

The target volume, or planming volume, of the sarcoma 1s
defined to be the slab of tissue r cm perpendicularly away
from the curvilinear plane defined by the mesh of catheters.
I adjacent catheters are separated by more than 2 r cm (or
1 cm), the tissue between the two catheters 1s assumed to be
a part of the tumor bed. The point of intersection of a
catheter and a cross-sectional slice 1s referred to as a
“center.” Each center has an associated circle about 1t with
a radius r. Typically, the radius r 1s taken to be 0.5 cm. The
input data for the algorithm consists of the digitized coor-
dinates of the catheter positions in each of the cross-
sectional slices of the tumor bed and the estimated distance
r from the catheters to the tumor surface.

Mathematically, one can view the planning volume as a
mimmum smoothly connected surface which contains a set
of circles, each circle centered at a given catheter position 1n
a given cross-sectional slice. The algorithm performs local
interpolation on consecutive triplets of circles, and returns
the planning volume in a matter of minutes.

Viewing each slice as a two-dimensional surface, the
algorithm begins by labeling the centers in each slice 1n a
“natural” order. The shape formed by following the associ-
ated circles 1n the specified order provides the overall shape
of the tumor bed within the given slice. The algorithm then
seeks to form a smoothly connected body that compactly
encapsulates the shape of the tumor bed. The algorithm will
perform well regardless of whether the catheters are all close
together (with the target, a volume mass), the catheters are
spread far apart 1n the plane, or the catheters are arranged 1n
a convoluted way. The performance of the algorithm 1is
measured by the algorithm’s ability to automatically gener-
ate clinically acceptable smoothly connected surfaces for
anatomical sites of different shapes.

Visually, one can think of the algorithm as constructing an
“mmner curve” and an “outer curve” tangent to the ordered
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6

collection of circles. Construction of these curves requires
the determination of tangent points followed by local inter-
polation. The algorithm works the same for determiming
both the outer-curve and inner-curve.

More particularly, the APVA system can be described as
a series of algorithmic steps that determine the planning
volume of a sarcoma bed from digitized catheter data and a
given r. Following the surgical implantation of catheters into
the sarcoma bed, the coordinates of the catheters are digi-
tized and each “sphere” of a specified radius 1s centered at
a given catheter position. The sarcoma bed is then divided
into a number of cross-sectional slices. When viewed as
cross-sectional slices, the catheter positions are the centers
of circles with a specified radius r. The point of intersection
ol a catheter and a cross-sectional slice 1s referred to as a
“center,” each of which has a corresponding radius r.

The digitized coordinates of the catheters and the corre-
sponding radi1 for each of the cross-sectional slices of the
tumor bed comprise the algorithm inputs. The first step of
the algorithm 1s to find the “span™ of the circles by locating
the two centers, the origin and the destination, that are the
turthest apart. Starting at the origin, the algorithm engages
in a two-phase procedure of locating and labeling, from left
to right, the centers 1 a “natural” order. The algorithm
engages 1n dynamic local searching and uses a greedy
approach to seek out the next-closest center for labeling. If,
however, the positions of the catheters and the initial label-
ing thereol would result in an order of the centers that
produces a kink or sharp indentation cutting off part of the
sarcoma bed from treatment, the algorithm self-corrects and
re-labels and re-orders the centers. Thus, the labeling of the
centers and ordering of the circles provides the overall shape
of the tumor bed surface.

The second step of the algorithm, the identification of
tangent points, 1s performed aiter the labeling and ordering
step. Based on the order of the centers, tangent points and
their corresponding tangent lines are determined for each
consecutive pair of circles.

The third step of the algorithm determines whether the
middle circle of a group of three consecutive circles may be
bypassed. Statistically based artificial intelligence (Al) has
shown that the iterations on the circles can sometimes be
simplified, and potential kinks removed from the generated
curves of the sarcoma surfaces, by removing some of the
middle circles from the calculations. For example, 11 analy-
s1s 1ndicates that the middle circle 2 of a triplet of circles 1,
2 and 3 may be bypassed, the algorithm then proceeds to
examine circles 1, 3 and 4, wherein circle 3 1s now the
middle circle, and so forth. Thus, the circles are classified
into one of two groups; those circles which may be bypassed
or omitted, and those circles which may not be bypassed or
must be included 1n the interpolation. Typically, only a small
portion of the circles may be bypassed. The bypassing step
1s performed twice 1n conjunction with the local nonlinear
interpolation for the inner and outer curves. Thus, a circle
may be bypassed in one curve, but included 1n the other for
interpolation purposes.

Following the determination of bypassed circles, step four
of the algorithm 1nvolves the performance of local nonlinear
interpolation on each consecutive pair of tangent lines to
give the resultant curved surface of the tumor bed. The
interpolation step consists of two phases; a nonintersecting
phase, which identifies the non-overlapping tangent line
segments, and an intersecting phase, which identifies the
intersecting tangent line segments. The local interpolation
step 1s performed twice so as to generate the iner and outer
curves of the planning volume for each cross-sectional slice.
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The cumulative collection of curves resulting from the local
interpolation step specifies the contours of the tumor bed.

From the 1terative process of interpolation, the algorithm
generates the digitized coordinates and graphical represen-
tations that define the planning volume. Finally, the output
from the algorithm 1s evaluated and approved by a clinician.

The present mvention can also be viewed as providing
methods for mathematically determining the planning vol-
ume of sarcoma so as to produce improved brachytherapy
treatments. In this regard, one embodiment of such a
method, among others, can be broadly summarized by the
tollowing steps: 1nsertion of catheters into the sarcoma bed;
obtaining a series of 1mages indicating the position of the
catheters; digitization of the catheter images; generation of
the planning volume and digital positions of the catheters
within the planning volume; and comparison of the gener-
ated positions with the positions shown on the images. The
generation of the planning volume and the digital catheter
positions 1s accomplished with an automatic contouring
algorithm comprising an ordering of circles and labeling of
circle centers, identification of tangent points, determination
of whether middle circles may be bypassed, and local
interpolation.

It 1s anticipated that the Automated Planning Volume
Algorithm (APVA) system of the invention can be imple-
mented 1n software (e.g., firmware), hardware, or a combi-
nation thereof. In the currently contemplated best mode, the
APVA system 1s implemented 1n software, as an executable
program, and 1s executed by a special or general purpose
digital computer, such as a personal computer (PC; IBM-
compatible, Apple-compatible, or otherwise), workstation,
minicomputer, or mainirame computer. As shown in FIG. 1,
the APVA system, denoted by reference numeral 10, may be
implemented with a general purpose computer.

Generally, 1n terms of hardware architecture, as shown in
FIG. 1, the computer 11 includes a processor 12, memory 14,
and one or more mput and/or output (I/0) devices 16 (or
peripherals) that are communicatively coupled via a local
interface 18. The local interface 18 can be, for example but
not limited to, one or more buses or other wired or wireless
connections, as 1S known 1n the art. The local interface 18
may have additional elements, which are omitted for sim-
plicity, such as controllers, bullers (caches), drivers, repeat-
ers, and receivers, to enable communications. Further, the
local iterface 18 may include address, control, and/or data
connections to enable appropriate communications among
the aforementioned components.

The processor 12 1s a hardware device for executing
soltware that can be stored in memory 14. The processor 12
can be any custom made or commercially available proces-
sor, a central processing unit (CPU), an auxiliary processor
among several processors associated with the computer 11,
a semiconductor based microprocessor (in the form of a
microchip or chip set), a macroprocessor, or generally any
device for executing software instructions. Examples of
suitable, commercially available microprocessors are as
follows: a PA-RISC series microprocessor from Hewlett-
Packard Company, an 80x86 or Pentium series micropro-
cessor from Intel Corporation, a PowerPC microprocessor
from IBM, a Sparc microprocessor from Sun Microsystems,
Inc, or a 68APVA series microprocessor from Motorola
Corporation. In the preferred embodiment, the APVA system
1s run on a SUN UltraSparc workstation of 166 MHz.

The memory 14 can include any one or combination of
volatile memory elements (e.g., random access memory
(RAM, such as DRAM, SRAM, SDRAM, etc.)) and non-
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CDROM, etc.). Moreover, the memory 14 may incorporate
clectronic, magnetic, optical, and/or other types of storage
media. Note that the memory 14 may have a distributed
architecture, where various components are remotely situ-
ated from one another, which can be accessed by the
processor 12.

The software 1n memory 14 may include one or more
separate programs, each of which comprises an ordered
listing of executable instructions for implementing logical
functions. In the example of FIG. 1, the software 1n the
memory 14 includes the APVA system and a suitable oper-
ating system (O/S) 22. A non-exhaustive list of examples of
suitable commercially available operating systems 22 1s as
follows: a Windows operating system from Microsoit Cor-
poration, a NetWare operating system available from Nov-
ell, Inc., or a UNIX operating system, which 1s available for
purchase from many vendors, such as Hewlett-Packard
Company, Sun Microsystems, Inc., and AT&T Corporation.
The operating system 22 essentially controls the execution
of other computer programs, such as the APVA system 10,
and provides scheduling, input-output control, file and data
management, memory management, and communication
control and related services.

The APVA system 10 1s a source program, executable
program (object code), script, or any other entity comprising
a set of 1nstructions to be performed. As a source program,
the program requires translation via a compiler, assembler,
interpreter, or the like, which may or may not be included
within the memory 14, so as to operate properly 1n connec-
tion with the O/S 22. Furthermore, the APVA system 10 can
be written as (a) an object oriented programming language,
which has classes of data and methods, or (b) a procedure
programming language, which has routines, subroutines,
and/or functions, for example but not limited to, C, C++,
Pascal, Basic, Fortran, Cobol, Perl, Java, and Ada. In the
currently contemplated best mode of the invention, the
algorithms for the APVA system 10 are written using the
SPLUS 3.0 (Vlathsoft; Seattle, Wash.) language. The serie
of APVA algorithms are automatically executed by the
program to calculate the planning volume of a sarcoma bed
from a series of digitized catheter coordinate positions.

The I/O devices 16 may include input devices, for
example but not limited to, a keyboard, mouse, scanner,
microphone, etc. Furthermore, the I/O devices 16 may also
include output devices, for example but not limited to, a
printer, display, etc. Finally, the I/O devices 16 may further
include devices that commumnicate both mputs and outputs,
for instance but not limited to, a modulator/demodulator
(modem; for accessing another device, system, or network),
a radio frequency (RF) or other transceiver, a telephonic
interface, a bridge, a router, etc.

If the computer 11 1s a PC, workstation, or the like, the
software 1n the memory 14 may further include a basic input
output system (BIOS) (omitted for simplicity). The BIOS 1s
a set of essential software routines that initialize and test
hardware at startup, start the O/S 22, and support the transier
of data among the hardware devices. The BIOS 1s stored 1n
ROM so that the BIOS can be executed when the computer
11 1s activated.

When the computer 11 1s 1n operation, the processor 12 1s
coniigured to execute software stored within the memory 14,
to communicate data to and from the memory 14, and to
generally control operations of the computer 11 pursuant to
the software. The APVA system 10 and the O/S 22, 1n whole
or in part, but typically the latter, are read by the processor
12, perhaps buflered within the processor 12, and then
executed.
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When the APVA system 10 1s implemented 1n software, as
1s shown 1n FIG. 1, 1t should be noted that the APVA system
10 can be stored on any computer readable medium for use
by or in connection with any computer related system or
method. In the context of this document, a computer read-
able medium 1s an electronic, magnetic, optical, or other
physical device or means that can contain or store a com-
puter program for use by or 1n connection with a computer
related system or method. The APVA system 10 can be
embodied in any computer-readable medium for use by or 1n
connection with an 1nstruction execution system, apparatus,
or device, such as a computer-based system, processor-
containing system, or other system that can fetch the istruc-
tions from the instruction execution system, apparatus, or
device and execute the instructions. In the context of this
document, a “computer-readable medium” can be any
means that can store, communicate, propagate, or transport
the program for use by or 1n connection with the instruction
execution system, apparatus, or device. The computer read-
able medium can be, for example but not limited to, an
clectronic, magnetic, optical, electromagnetic, infrared, or
semiconductor system, apparatus, device, or propagation
medium. More specific examples (a non-exhaustive list) of
the computer-readable medium would include the follow-
ing: an electrical connection (electronic) having one or more
wires, a portable computer diskette (magnetic), a random
access memory (RAM) (electronic), a read-only memory
(ROM) (electronic), an erasable programmable read-only
memory (EPROM, EEPROM, or Flash memory) (elec-
tronic), an optical fiber (optical), and a portable compact
disc read-only memory (CDROM) (optical). Note that the
computer-readable medium may also include paper or
another suitable medium upon which the program is printed,
since the program 1s electronically captured, via for instance
optical scanming of the paper or other medium, and then
compiled, interpreted or otherwise processed 1n a suitable
manner, 11 necessary, for storage in a computer memory.

In an alternative embodiment, where the APVA system 10
1s implemented 1n hardware, the APVA system can imple-
mented with any or a combination of the following tech-
nologies, which are each well known 1n the art: a discrete
logic circuit(s) having logic gates for implementing logic
functions upon data signals, an application specific inte-
grated circuit (ASIC) having appropriate combinational
logic gates, a programmable gate array(s) (PGA), a field
programmable gate array (FPGA), efc.

FIG. 2A 1llustrates one possible configuration of an 1mag-
ing device 62, for mputting data 26 (i.e. catheter coordi-
nates), with a computer 11, and further illustrates the AVPA
program 10 and the steps performed thereby to generate the
planning volume 42. Particularly, the AVPA program 10 will
perform an imtial step of Obtaining the Inputted Catheter
Coordinates 64 for analysis. From the mput data 26, the
program 10 will Determine the Span 66 (or furthest distance
between the centers), Label the Circle Centers 68, and Order
the Circles 70 1nto a natural order. Cumulatively these steps
(66, 68 and 70) comprise the labeling circle centers and
ordering of circles algorithm 28 (see FIG. 2B). Next, a
certain radius r 1s defined about each center 72. With the
dimensions of the circles defined, tangent points are 1den-
tified along the circles 74 and therefrom tangent lines 76 are

identified; referred to as the algorithm for Tangent Point
Identification 30 (see FI1G. 2B). The APVA program 10 then

determines the distances between each circle 1n consecutive
triplets of circles 78 in order to ascertain whether a middle
circle of each consecutive triplet of circles may be bypassed
80 for a particular mterpolation. Together steps 78 and 80
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comprise the Determine Bypassing Circles algorithm 32 (see
FIG. 2B). For interpolation, the tangent lines are separated
into 1ntersecting and non-intersecting tangent lines. Interpo-
lation 1s performed on non-intersecting tangent lines 82 and
interpolation 1s also performed on intersecting tangent lines
84, the cumulative curve formed by the interpolation steps
1s determined 1n accordance with the Local Interpolation
algorithm 34 (see FI1G. 2B). Finally, the interpolation data
for both 1mner and outer curves of all cross-sectional slices
1s combined 86 to generate the planning volume and 1is

outputted in the form of digitized coordinates and graphics
88.

As shown 1n FIG. 2B, the APVA system 10 consists of a
series ol algorithms which utilize the mput data 26 (i.e.
digitized catheter coordinates) to calculate the planning
volume 42. The steps of the APVA system 10 include
Ordering of Circles 28, the Identification of Tangent Points
30, the Determination of Bypassed Circles 32, and Local
Interpolation 34. These steps occur in essentially a “black
box” 40 and are automatically calculated by the APVA
algorithms. The output 36 (1.e. digitized coordinates and
graphics showing the planning volume) 1s thus automati-
cally generated by the APVA system 10 from the input data
26. The output 36 1s evaluated and approved during a
clinician review 38.

FIG. 3 1llustrates a cross-sectional slice 41 of a soft-tissue
sarcoma on the left shoulder of a patient. The catheters
inserted during surgery are shown as centers 44 (numbers
1-9) 1n the cross-sectional slice 41. Around each center 44,
a radius r 46 1s drawn which represents the target volume as
a circle 43. The algorithm begins by determining the “span™
50 of the circle 43 centers 44. The centers 44 are labeled
from left to right, starting at the origin and proceeding 1n
natural order to the destination 49. Tissue between adjacent
catheters that are more than approximately 1 cm apart is
considered part of the tumor bed. In the preferred embodi-
ment, the Labeling Circle Centers and Ordering of Circles
28 1s conducted 1n accordance with the following:

Let n be the number of centers 44 on a cross-sectional
slice 41, where p 1s the parent circle center, 1 1s an 1ndexer,
a ., indicates that the circle center as not been labeled and
has no parent, t 1s an indexer, lastindex indicates the last
index used, tmpindex 1ndicates a temporary storage index, d
1s a destination and ¢, 1s the center of the circle that has not
been labeled. Assume the centers 44 of the circles 43 are
orderedas c,, . .., c, . Denote the circle 43 corresponding to
center 44 c, by C..

1. Initialization: Set N={1, . . ., n}; p[i]=nil for all i €N;
a .~ lastindex=o0; L={o0}; L=N\L; t=1.

il 3
2. Iteration t: Find 1 €L such that a, 1s closest in Fuclidean
distance from center a0 I 8 assinden—8>
Ar1asindex—8;> € pl1]=lastindex. Otherwise, set p[i]=p
[lastindex], tmpindex=p[lastindex], p[lastindex]=p[tmp-
index|, p[tmpindex]=lastindex.
3. Update: L L\{i}, t t+1, lastindex=i. If L=0, or if
lastindex=d, go to step 4. Otherwise, go to step 2.
4. Constructing the labels: Recover the sequence of centers
by using p to backtrack. Call the recovered sequence

C,...,C.r(HerellLdenotes the number of elements 1n the

set L.)

If L=0, labeling 1s complete. Otherwise,| [Lcenters, rep-
resented by ¢, . . ., ¢, ;, have been labeled and proceed to
second-stage correction for the remaining n-| centers in
order to verity that all centers have been included. For each

remaining center a,, 1 €L, the correction algorithm selects
among the labeled centers the one, ¢, that 1s closest to a..
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The center a, 1s then 1nserted either between ¢,_, and ¢, or
between ¢, and ¢, _,, depending on the distance of a, from
c,_;andc,_ ;.

After the centers 44 have been ordered and labeled (i.e.
the ordering and labeling of circles 28 as shown 1n FIG. 2B),
the second step of the APVA system 10 1s the identification
of tangent points 30. FIG. 4 focuses on the 3, 4 and 5 circles
43 of FIG. 4. In the i1dentification of tangent points 30 step,
the algorithm constructs tangent points 52 along the circles
43. These tangent points 32 correspond to tangent lines 53.
In FIG. 3, the tangent points 52, t, and t;', on 3 and 4 circles
43 are shown. Some of the tangent points 32 are later used
as the interpolation points 54 1n the local interpolation step
34. The tangent point identification 30 1s accomplished by
the following:

For each consecutive pair of circles 43, C, and C,_,,
identify a point t, on C, and a point t' on C_ , such that the
line segment connecting t, and t.! 1s tangent to both circles 43
and parallel to the line segment connecting C, and C__ ;, 1.e.
the tangent line segment 33, 1. of C, and C,_ ,. The tangent
point 1dentification 30 step requires exactly 2(n-1) opera-
tions to complete.

Having established the tangent points 52 and tangent lines
53 for the circles 43, the algorithm then determines whether
certain circles 43 may be bypassed for iterations of local
interpolation 34 (the determine bypassing circles 32 step
(see FIG. 2B)). Each circle 43, out of consecutive triplets of
circles 57, 1s examined to determine 1f 1t should be included
in the iterpolation step 34. FIG. 6 illustrates an instance 1n
which a circle 43 can be bypassed due to the attributes 58 of
the spatial relationship between the 3, 4 and 5 circles 43. The
attributes 58 indicate the distances between the circles 43
and are labeled as d1, d2, d3 and d4 in FIG. 6. It 1s shown
that the middle circle 59, denoted as circle 4, 1s bypassed,
and that the 3 and 5 circles 43 are included for iterative
purposes of local interpolation 34. The algorithm then
proceeds to analyze the 3, 5 and 6 circles 43 to determine 1t
the “new” muddle circle 539 may be bypassed. Whether a
circle 43 may be bypassed 32 1s determined 1n accordance
with the following;:

The current circle, C, , (or circle 4 on FIG. 6), 1s viewed
in relation to circles C, and C,_,, where C. 1s the highest
labeled circle 1 the sequence not bypassed thus far. For
1=1,...,n-2 tnplets of circles 57, C, C,_, and C,_,, artificial
intelligence and machine learning techniques are used to
designate which circles 43 may be bypassed. Associated
with the circles C,, C ,, and C,_,, are tangent points t,' and
t,. I the distance between C, and C, ;, and the distance
between C,_, and C,_, are both less than 2 r, and the
associated tangent points t,' and t, are within r, then the
middle circle 59 1s bypassed.

Once the algorithm has determined which circles 43 are to
be bypassed 32, the circles 43 are separated into groups of
bypassed or non-bypassed circles. The circles 43 that are
bypassed are not included in the interpolation step 34 and the
circles 43 that are not bypassed are included 1n the interpo-
lation step 34, such that a smooth curve 1s maintained for
both the mnner 60 and outer 61 curves of the planning volume
42. The bypassing step 32 1s performed twice in conjunction
with the local nonlinear interpolation 34 for the imnner 60 and
outer 61 curves. Thus, a circle 43 may be bypassed 1n one
curve, but included 1n the other for iterpolation purposes.

The algorithm then performs local interpolation 34 on the
consecutive triplets of circles 37, with the last circle 43 of
one iteration serving as the first circle 43 of the next
iteration. In this manner, the local nonlinear iterpolation 34
1s performed on consecutive pairs of tangent lines 53 1n two
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phases, the non-intersecting phase and the intersecting
phase. In the non-intersecting phase, the non-intersecting
tangent line 54 segments are identified and the curve 1s
constructed i accordance with the following:

For consecutive triplets of tangent lines 33, 1, 1._,, and
..., 111 does notintersect 1, and 1, ; does not intersect 1_ -,
then 1_ ,, plus the arc 1n the middle circle 59 becomes part
of the resulting curve for non-intersecting tangent line
phase. The next iteration continues using the tangent lines 33
1., 1_,, and 1_5. FIG. 5 1illustrates a non-intersecting
iteration on the 3, 4 and 5 circles 43.

In the intersecting phase, the pairs of consecutive inter-
secting tangent line segments 55 are 1dentified and the curve
1s constructed in accordance with the following;

For every consecutive pair of tangent lines 53,1 and ||,
that intersect, nonlinear interpolation 1s performed using one
point (1nterpolation point 54) on each tangent line 53 and
their intersection point. Specifically, recall t, and t, are the
tangent points 52 for 1. on circles C, and C,_,, respectively.
If 1. does not intersect with 1._,, then t, will be chosen for
interpolation for tangent line 53 1, otherwise, the mid-point
between t, and t/ will be used. Similarly, if 1., does not
intersect with 1., then t. .’ will be used. Otherwise, the
midpoint of t,/ and t,, ,” will be employed. The curve obtained
from the interpolation constitutes the curve for the tumor
surface around these circles 43. FIG. 5 1llustrates an inter-
secting iteration on the 2, 3 and 4 circles 43.

The 1terations will continue until C, 1s employed 1n the
interpolation, at which point the iteration should stop. It 1s
possible that the final iteration will include only two circles
43 for a local interpolation 34, in which case the local curve
1s simply the tangent line 53 connecting the two circles 43.

The local interpolation 34 step 1s performed twice so as to
generate the inner 60 and outer 61 curves (see FIG. 3) along
the circles 43 of the planning volume for each cross-
sectional slice 41. The cumulative collection of curves 60,
61 resulting from the local interpolation 34 step specifies the
contours of the tumor bed. From the iterative process of
interpolation, the algorithm generates, without any human
intervention, an output 36 consisting of the digitized coor-
dinates and graphics which define the planning volume 42
for each slice 41. Examples of the three dimensional graphi-
cal output of the planning volume 42, rotated through six
axis, are shown 1n FIGS. 7A—7F. Finally, the output 36 from
the APVA algorithm 10 1s evaluated and approved by a
clinician (see 38 on FIG. 2B).

It should be emphasized that the above-described embodi-
ments ol the present invention, particularly, any “preferred”
embodiments, are merely possible examples of 1implemen-
tations, merely set forth for a clear understanding of the
principles of the invention. Many variations and modifica-
tions may be made to the above-described embodiment(s) of
the invention without departing substantially from the spirit
and principles of the invention. All such modifications and
variations are intended to be included herein within the
scope of this disclosure and the present invention and
protected by the following claims.

Therefore, having thus described the invention, at least
the following 1s claimed:

1. A computer readable medium having computer-execut-
able 1nstructions for automatically determinming a planning
volume of a sarcoma said computer-executable 1nstructions,
comprising;

means for locating catheter coordinates for catheters

inserted 1into the sarcoma, where the catheters are
configured as centers in cross-sectional slices of the

SAIrcoIlld,

1, 1
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means for mputting the catheter coordinates;

means for selecting circles of radius r about the centers;

means for labeling the centers and ordering the circles;

means for identifying tangent points and corresponding
tangent lines;

means for determining whether a circle should be

included 1n or omitted from 1nterpolation to determine
the planning volume;

means for performing local interpolation on the circles;

means for generating digital coordinates and graphical

outputs showing the planning volume; and

means for evaluating the planning volume outputs.

2. The computer readable medium of claim 1, wherein the
means for locating catheter coordinates for catheters mserted
into the sarcoma comprises the use of an 1maging device to
generate a series of films showing the positions of the
catheters within the sarcoma.

3. The computer readable medium of claim 2, further
comprising the digitization of the catheter coordinates.

4. The computer readable medium of claim 1, wherein the
means for selecting circles of radius r about the centers
turther comprises selecting the radn such that the circles
substantially cover surfaces of the cross-sectional slices of
the sarcoma.

5. The computer readable medium of claim 1, wherein the
means for labeling of centers and ordering of circles com-
prises an algorithm having four phases, the phases consist-
ing of mitialization, 1teration t, update and construction of
labels, and 1s of the formula:

Initialization: Set N={1, . . . , n}; p[i]=nil for all i EN;
a_~o0, lastindex=o0; [L={o}; L=N\L; t=1;

[teration t: Find 1 €L such that a, 1s closest 1n Euclidean

distance from center a,, ..,z I @, smnden—al>
_\a[zmm dex—8:]) s€t p[i]=lastindex. Otherwise, set p[i]=p
lastindex], tmpindex=p[lastindex], p[lastindex]=p
tmpindex], p[tmpindex]=lastindex;

Update: L<—L\{i}, t<—t+1, lastindex=i. If L=0, or if
lastindex=d, go to Construction of labels. Otherwise,
g0 to 1teration ft;

Construction of labels: Recover the sequence of centers
by using p to backtrack, the recovered sequence being
C,o - - .5 Crpi

where n 1s the number of centers on the cross-sectional slice,
p 1s the parent circle center, 1 1s an indexer, a, ., indicates that
the circle center as not been labeled and has no parent, t 1s
an indexer, lastindex indicates the last index used, tmpindex
indicates a temporary storage index, d 1s a destination, ¢, 1s
the center of the circle that has not been labeled, and where
the centers of the circles are ordered as ¢, . . ., ¢, and the
circles corresponding to the centers are denoted as C,, and ILI
denotes the number of elements in the set L.

6. The computer readable medium of claim 5, wherein 1f
[.=0, labeling of the centers and ordering of the circles 1s
complete.

7. The computer readable medium of claim 5, wherein 1
L=0, the labeling and ordering algorithm performs a sec-
ond-stage correction for centers n—L wherein a remaining

center a,, 1 €L, 1s inserted between the closer ot (¢,_, and ¢,)
or (¢, and ¢, , ).

8. The computer readable medium of claim 1, wherein the
means for identifying tangent points and corresponding
tangent lines comprises a mathematical determination of a
tangent point on each of a consecutive pair of circles.

9. The computer readable medium of claim 8, further
comprising instructions for determination of the tangent
points such that a resultant line segment connecting the
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tangent points 1s tangent to both of the circles and parallel to
a line segment connecting the circles.

10. The computer readable medium of claim 1, wherein
the means for determining whether a circle should be
included 1n or omitted from interpolation to determine the
planning volume comprises an algorithm which examines
distances between each circle 1n a consecutive triplet of
circles.

11. The computer readable medium of claim 10, further
comprising instructions for the omission of the middle circle
from the interpolation where:

the distance between the middle circle and each of the
other two circles of the triplet of circles 1s less than 2
r; and

the distance between the middle circle and tangent points
of the triplet of circles 1s less than r.

12. The computer readable medium of claim 1, wherein
the means for interpolation on the circles comprises an
interpolation algorithm performing iterations on consecutive
triplets of circles.

13. The computer readable medium of claim 12, wherein
the 1terations are performed such that a last circle of one
iteration serves as a first circle of a next iteration.

14. The computer readable medium of claim 12, further
comprising instructions for:

performance of the local interpolation on consecutive
pairs ol tangent lines, the tangent lines corresponding
to the consecutive triplets of circles; and

performance of the local interpolation 1n an intersecting
phase and a non-intersecting phase.

15. The computer readable medium of claim 14, wherein
the non-intersecting phase comprises:

identification of tangent line segments that do not inter-
secCt;

constructing a curve from the non-intersecting tangent
line segments and a portion of an arc 1n a middle circle
of the triplet of circles.

16. The computer readable medium of claim 14, wherein
the 1ntersecting phase comprises:

identification of tangent line segments that do intersect;

performing nonlinear interpolation using a point from
cach of the intersecting tangent line segments and the
point of intersection of the intersecting tangent line
segments; and

constructing a curve from the interpolation which consti-
tutes the curve around the triplet of circles.

17. The computer readable medium of claim 1, wherein
the means for interpolation on the circles comprises an
interpolation algorithm performing iterations on consecutive
triplets of circles, and further comprising:

performing the local interpolation a first time to construct
an inner curve along the circles;

performing the local interpolation a second time to con-
struct an outer curve along the circles; and

combining the mner and outer curves so as to specily the
planning volume of the sarcoma.

18. The computer readable medium of claim 1, wherein
the means for generating digital coordinates and graphical
outputs showing the planning volume comprise a conversion
of mathematical data into pictorial representations of the
planning volume and locations of the catheters.
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19. The computer readable medium of claim 1, wherein
the means for evaluating the planning volume outputs com-
prise review and evaluation of digital coordinates and
graphical data by a clinician.

20. A computer readable medium for automatically deter-
mimng planning volumes of sarcomas for brachytherapy
treatment, comprising:

logic configured to receive digital input data relating to a

catheter coordinate that defines the location of a radia-
tion dispensing catheter; and

logic configured to execute a geometric algorithm from

the mput data, to automatically determine a planning
volume of a sarcoma.

21. The computer readable medium of claim 20, wherein
the logic configured to determine the planning volume
turther comprises:

10

15

16

logic configured to construct at least one circle from a
cross-section of the sarcoma, wherein the circle 1s
centered around the catheter, and has a predefined
rad1us;

logic configured to construct at least one tangent line on
cach circle that comprises the planning volume;

logic configured to determine whether any circle may be
bypassed, based on the spatial relationship between
consecutive circles; and

logic configured to generate contours of the planning
volume.

22. The computer readable medium of claim 20, wherein
the planning volume 1s derived from a tumor bed.
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Column 11, line 8 — “FIG. 4™ should be replaced with --FIG. 3--.
Column 11, Iine 11 — “FIG. 3” should be replaced with --FIG. 4--.
Column 11, line 49 — omit space between “2” and “r”’.

Column 12, line 62 — add a comma between “sarcoma’ and “‘said” and omit the comma
after “instructions’.

Column 13, line 46 — replace “as™ with --has--.

Column 14, lines 14 and 15 — omit the space between “2” and “r”.

Signed and Sealed this

Eleventh Day of September, 2007

JON W. DUDAS
Director of the United States Patent and Trademark Office
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